Phylogenetic relationships of 6 species of the genus Akodon have been determined by mtDNA sequence analysis of the cytochrome-b gene, with the majority of specimens also identified by karyotype. We used maximum parsimony and distance analyses of 54 sequences to assess phylogenetic relationships and minimum spanning trees to compare genetic and geographic relationships among populations. The genus Bolomys was used as the outgroup. Akodon cursor, A. aff. cursor, and A. montensis, 3 morphologically cryptic but karyotypically different species of the cursor complex, each formed reciprocally monophyletic lineages. Twenty-one haplotypes were present in 23 individuals of A. cursor, and each of the 16 specimens of A. montensis had a unique haplotype. Within species, populations of A. cursor (19 localities) showed high variation with little geographic pattern. Distant populations (ϳ750 km apart, differing by 12 nucleotides) exhibited similar levels of differentiation as did geographically close populations (ϳ150 km apart, differing by 17 nucleotides). In contrast, A. montensis (12 localities) was structured geographically and exhibited a pattern consistent with an isolation-by-distance model of differentiation. Among other species in southeastern Brazil, A. mystax was related most closely to the cursor species complex, A. lindberghi was somewhat more distant, and A. serrensis was quite distinct.
The genus Akodon has a broad distribution in the neotropical region (Smith and Patton 1993) with high species diversity of Ͼ30 species (Musser and Carleton 1993; Smith and Patton 1999-update on the contents of the genus) and new species still being discovered (Christoff 1997; González et al. 1998; Hershkovitz 1990 Hershkovitz , 1998 Myers and Patton 1989; Myers et al. 1990; Silva and Yonenaga-Yassuda 1998) . Few taxa within the genus have been revised adequately, although Myers (1989) reviewed the genus, Myers et al. (1990) emphasized represents a 4th species of this complex. Few taxonomic studies have been carried out within the cursor complex, although these species are common throughout their range. Geise (1995) and Christoff (1997) , studying specimens that were identified cytogenetically, documented morphometric and anatomical differences between A. cursor and A. montensis. Cerqueira et al. (1990) and Rieger et al. (1995) assigned the name A. cursor to samples with 2n ϭ 14/15, because specimens with this diploid number were collected at Lagoa Santa, the type locality of A. cursor (Winge, 1888) . Because we also collected specimens with 2n ϭ 24 at the same locality (diploid number referred to A. montensis in our study), the correct allocation of names to diploid number will require a more complete and detailed comparison with Winge's holotype. Here, we follow current usage and apply the name cursor to the 2n ϭ 14/ 15 karyotype.
According to Christoff (1997) , A. cursor occurs mainly in the ''Floresta Ombrofila Densa'' (dense rainforest), restricted to southeastern Brazil. Akodon aff. cursor was not recognized as distinct by Christoff (1997) and Fagundes et al. (1998) ; it occurs along the northeastern coast in ''Floresta Estacional Semidecidual,'' a more xeric, semideciduous forest within very dry vegetation of the cerrados (Y. Leite, pers. comm.) . All known localities of A. montensis are in 6 vegetational formations that extend from northern Argentina north to the state of Rio de Janeiro in Brazil (Christoff 1997) . A. cursor and A. montensis are segregated by elevation in Rio de Janeiro and adjacent states, with A. cursor occurring from sea level up to 800 m and A. montensis collected only above 800 m (Geise 1995) . Akodon serrensis occurs in the ''Floresta Ombrofila Mista'' (mixed rainforest), A. lindberghi in the cerrados and dense rainforest, and A. mystax Hershkovitz (1998) is known only from the type locality (Caparaó, Minas Gerais) and Itatiaia (Rio de Janeiro), 2 localities Ͼ2,000 m elevation, covered by dense rainforest, specifically ''Refúgio Ecológico Alto-Montano'' (high ecological refuges). Akodon reigi, according to González et al. (1998) , has the same diploid number as A. mystax and those specimens analyzed by Liascovich and Reig (1989) and Sbalqueiro and Nascimento (1996) . A morphologic comparison between specimens of A. mystax and A. reigi suggested that they are not conspecific (C. Bonvicino, pers. comm.) . Although the geographic ranges of each are poorly understood, no areas of sympatry are known. Geise et al. (1998) discussed relationships among A. cursor, A. aff. cursor, A. montensis, A. lindberghi, A. serrensis, and Bolomys lasiurus based on chromosomal Gbanding patterns. The autosomal arms of A. cursor, A. montensis, and A. lindberghi match entirely; A. serrensis differs from these in only 1 pair. Geise et al. (1998) also proposed that species with low diploid numbers are derived taxa.
We provide a phylogenetic hypothesis for 6 species of Akodon, based on mitochondrial cytochrome-b gene sequence variation, and evaluate phylogeographic structure of A. cursor and A. montensis sampled throughout their respective ranges in southeastern Brazil.
MATERIALS AND METHODS
Liver tissue was from animals captured in the field or kept in captivity. Tissue was preserved in 95% ethanol or frozen. We also obtained tissue through cooperation with other researchers, representing 54 specimens from 34 localities (Fig. 1) . Most specimens (37) were karyotyped by the authors from bone-marrow cultures (Ford and Hamerton 1956; Appendix I). Following Rieger et al. (1995) , A. aff. cursor was assigned to specimens with 2n ϭ 16, collected in northeastern Brazil; A. lindberghi to those with 2n ϭ 42 (Svartman and Almeida 1994) ; A. mystax to those with 2n ϭ 44 (Bonvicino et al. 1997) ; and A. serrensis to those with 2n ϭ 46 (Christoff 1997). Specimens that were not karyotyped were assigned to species by morphologic characters compared with other specimens from the same locality that were karyotyped and mtDNA-sequence comparisons.
DNA was extracted using the phenol-chloroform method (Smith et al. 1987) or with Chelex (Walsh et al. 1991) . A part of the cytochrome-b gene was amplified with the polymerase chain reaction (Saiki et al. 1988) , with primers MVZ05 and MVZ16 for double-stranded amplifications, following reaction conditions described in Smith and Patton (1993) , and confirmed with a 2% agarose gel. Sequences were obtained on an Applied Biosystems (Foster City, California) model 377 automated sequencer using the d Rhodamine cycle sequencing kit. The sequence of 801 base pairs (bp) at the beginning of the cytochrome-b gene was obtained using MVZ05 and MVZ35 or MVZ45 as sequencing primers (Smith and Patton 1993) . Sequences were edited using Sequence Navigator Software (Applied Biosystems, Inc. 1994). Kimura 2-parameter (K2p) distances (Kimura 1980) were calculated, and a neighbor-joining tree with 1,000 bootstrap replicates was constructed using MEGA (Kumar et al. 1993) . Maximum parsimony analyses, with all sites weighted equally, were run in PAUP* 4.0 b1 (Swofford 1998) . Presence of many similar sequences resulted in a large number of trees. A 50% majority rule consensus tree from 1,000 bootstrap replicates summarized parsimony results. Minimum spanning trees of mtDNA haplotypes, based on distance matrices of number of differences between haplotypes, were constructed using NTSYS (Rohlf 1992) . B. lasiurus was used as the outgroup in all analyses. Molecular population parameters (mean pair-wise differences, nucleotide diversity, and mismatch distributions) were calculated using ARLEQUIN, version 1.1 (Schneider et al. 1997) .
Voucher specimens were deposited in museums listed in Appendix I. Representative cytochrome-b sequences are available in GenBank with the following accession numbers: AF184049-184052 (MVZ182072, MVZ182075, MZUSP29257, and FMNH141604; haplotypes 19a, 15b, 17a, and 18b) Smith and Patton (1993) .
RESULTS
Up to 801 bp of sequence of cytochromeb were obtained for 54 specimens of 6 species of Akodon and 2 specimens of B. lasiurus. All individuals were included in the maximum parsimony and neighbor-joining analyses to determine their affinities. The 611 bp between positions 61 and 672 of cytochrome-b were used as the basis for calculations of hierarchical levels of distance, the minimum spanning trees, and plots of mismatch distributions. Twentythree samples of A. cursor fit that criterion; 4 excluded A. cursor had 382-660 bp of sequence. Fifteen samples of A. montensis were included in these analyses; the 2 excluded A. montensis had 417 and 680 bp of cytochrome-b sequence. One sample of A. aff. cursor had only 485 bp of sequence, and 1 sample of A. lindberghi had only 248 bp of sequence, so they were excluded from hierarchical levels of distance calculations.
Specimens were collected at 34 localities from the state of Paraíba in northeastern Brazil (6ЊS) south to Paraguay (23ЊS; Fig. FIG . 2.-Bootstrap, 50% majority rule consensus tree from maximum parsimony analysis; tree based on 1,000 replicates. Ninety-two variable characters are parsimony uninformative, and 226 variable characters are parsimony informative. Distribution of random trees suggests that significant nonrandom information is present in the data (g1 ϭ 0.252704, P Ͻ 0.01-Hillis and Huelsenbeck 1992). Dots signify nodes that are recognized at the species or higher taxonomic levels. Bolomys lasiurus was used as the outgroup. Uppercase letters are abbreviations for states in Brazil; locality numbers and lowercase letters identify individual haplotypes (Appendix I).
FIG. 3.-Neighbor-joining tree based on Kimura 2-parameter distances with branch lengths proportional to the amount of change. Many nodes have bootstrap support Ͼ50%. Bootstrap values are indicated only for nodes that are recognized at the species or higher taxonomic levels. Bolomys lasiurus was used as the outgroup. Uppercase letters are abbreviations for states in Brazil; locality numbers and lowercase letters identify individual haplotypes (Appendix I). 1). For the majority of localities (21 of 34) only 1 specimen was sequenced. For 7 localities, 2 individuals were sequenced, and for 6, 3 individuals were sequenced. Up to 3 species were sympatric at a few localities. At Simão Pereira, A. cursor was found with A. lindberghi; at Nova Friburgo, A. montensis was found with A. serrensis; and 3 species (A. montensis, A. mystax, and A. serrensis) were sympatric at Itatiaia, although they occurred in different microhabitats.
Relationships among species of Akodon from southeastern Brazil.-Maximum parsimony ( Fig. 2) and neighbor-joining (Fig.  3) analyses yielded similar topologies, which linked members of the cursor complex to A. mystax and A. lindberghi. That group of species appeared monophyletic relative to A. serrensis. Moreover, each chromosomal form of the cursor complex was reciprocally monophyletic. Thus, 27 individuals from 19 geographic localities were assigned to A. cursor. The basal node of that cluster was supported by a bootstrap value of 68% in the maximum parsimony analysis (Fig. 2) and 95% in the neighbor- joining analysis (Fig. 3) . Three individuals from separate localities were assigned to A. aff. cursor. That cluster was supported by bootstrap values of 62% (Fig. 2) and 79% (Fig. 3) , respectively. Seventeen individuals from 12 localities were assigned to A. montensis (bootstrap support 98%, Fig. 2;  100%, Fig. 3 (Fig. 2) , but generally those clusters did not correspond to clear geographic units. One cluster of A. cursor formed by 3 samples (Glicério, 8a; Fazenda União, 9a; Garrafão, 12a) represented geographically close localities, and their high similarity probably indicated recent or continual gene flow among them. No other clusters seemed to correspond to geography, because samples from coastal lowlands often grouped with those from central Brazil. For A. montensis, 3 localities (Nova Friburgo, 25b, 25a also included in the cluster in the neighbor-joining analysis; Teresópol-is, 26a, 26b; Sumidouro, 24a) located in the same mountain formation formed a cluster.
The minimum spanning tree for A. cursor (Fig. 4) showed a complex geographic pattern, so it was not possible to overlay the tree directly onto geography without many spatially overlapping branches. One haplotype was shared by 2 individuals (15b, 15c) from the same locality. A 2nd haplotype was shared by 2 individuals (16a, 18a) from localities that were located at sea level on the coastal plain and within the same plant formation, although separated by about 300 km. The least differentiation among haplotypes was observed between Garrafão (12a), Glicério (8a), and Fazenda União (9a), 3 nearby localities (Fig. 1) . Disparity between sequence divergence and geographic proximity may have been due to physical barriers. Rio Doce (3a) and Santa Teresa (7a) were 170 km apart but were separated by Serra do Caparaó and Serra da Chibata, which reached elevations of Ͼ800 m; those specimens differed by 12 bases. However, even when geographic barriers between localities were considered, no general isolation by distance trend was found within A. cursor. One haplotype at Ubatuba differed from another from Serrinha, only 150 km away, by 17 bases. Although haplotypes from Peti and Ubatuba were sepa- rated by about 430 km and differed by 10 bases, haplotypes from Rio Doce and Intervales, separated by 750 km, differed by only 6 bases. Finally, haplotypes from the same locality were sometimes quite different (Rio Bonito-haplotypes 11a, 11b; Serrinha-haplotypes 14a, 14b; Ilha do Cardoso-haplotypes 18a, 18b; Intervaleshaplotypes 19a, 19b, 19c) .
Each individual of A. montensis had a unique haplotype, and the minimum spanning tree matched geography well (Fig. 5) . The connection of haplotype 23a from Lagoa Santa in Minas Gerais State to the sample from Paraguay (33a) suggested a geographic barrier between Lagoa Santa (23a) and localities further south in Brazil. Haplotypes from the same locality were not always closest to each other (e.g., Nova Friburgo, 25a, 25b; and Pedreiras 29a, 29b). The most distinct samples (44 differences counted along the network) were from Nova Friburgo (25a) and Pedreiras (29b).
DISCUSSION
Systematics of Brazilian Akodon.-Akodon montensis was originally described as a subspecies of A. cursor. Although data (distributional, chromosomal, morphologic, and now molecular) supporting species status are now abundant (Christoff 1997; Geise 1995; Geise et al. 1998; Rieger et al. 1995; Sbalqueiro and Nascimento 1996) , confusion remains because these 2 taxonomic entities are difficult to distinguish by external or cranial characters. Further confusion in the cursor complex centers around the northeastern sample, recognized until now as A. cursor or A. aff. cursor. However, these 3 taxa are distinguished easily by karyotypes and haplotypes, and each occurs in a different geographic region. Sympatry between A. cursor and A. montensis is known at 3 localities, with natural hybrids recorded at Iguape, São Paulo (Christoff 1997; Yonenaga et al. 1975) . To date, the geographic range of A. aff. cursor is not well defined. Few specimens (25) have been collected (Christoff 1997; Fagundes et al. 1998; Maia and Langguth 1981; present study) , and only 1 locality of sympatry with A. cursor is known (locality 21). Rieger et al. (1995) suggested that A. aff. cursor may have been derived from the extreme northern distribution of A. cursor by recent cladogenesis. If so, then populations of A. cursor should be paraphyletic with respect to A. aff. cursor. Our molecular data contradict this prediction. A. aff. cursor is not imbedded phylogenetically within A. cursor; instead the 2 form reciprocally monophyletic sister taxa. Therefore, the cladogenic event generating A. aff. cursor was coincidental with that that generated A. cursor, or at least extant lineages of each coalesce to a common ancestor. Hence, molecular data do not support an hypothesis of the derivation of A. aff. cursor as a recent peripheral isolate of A. cursor. A. aff. cursor occurs in the Atlantic Forest and beyond. Distributional histories of species along the Atlantic Forest from south to northeast might be better understood if the refugia which formed and retracted continuously during the Pleistocene (Haffer 1969; Vanzolini and Williams 1970) were better JOURNAL OF MAMMALOGY understood temporally and delimited in geographic position.
Akodon lindberghi, A. mystax, and A. serrensis are distinguished easily from the 3 previous species and from one another. When found in sympatry, A. montensis, A. mystax, and A. serrensis usually are trapped in different microhabitats (L. Geise, in litt.). These species also have more restricted distributions. A. lindberghi is characteristic of the Cerrado biome of central Brazil. It is known only from 2 localities close to the Atlantic Forest, both with habitats intermediate between those of typical dry cerrado and moist Atlantic rainforest. A. mystax and A. serrensis occur more commonly in southern Brazil (Christoff 1997 ) and a few localities in the southeast, with the northern limit at Nova Friburgo (locality 25) for A. serrensis and at Caparaó (Hershkovitz 1998) for A. mystax.
In analyses of cytochrome-b sequences for 22 species of Akodon (Smith and Patton, in litt.), an A. cursor complex consisting of cursor, aff. cursor, montensis, and mystax can be defined, although it has low bootstrap support. The 6 species of Akodon from southeastern Brazil included in the current report do not form an internally monophyletic clade within the genus Akodon, so no evidence exists that Brazil has been an exclusively separate center of speciation in the genus.
Inferences about population structure and temporal patterns.-Patterns of phylogeographic structure of A. cursor and A. montensis differ, with that of A. montensis (Fig. 5) largely matching the geographic position of our sampled populations, whereas A. cursor is more geographically chaotic (Fig. 4) . One explanation for such differences in geographic pattern might be in species-specific differences in local demography. The small home-range size of A. cursor, with individuals occupying no more than about 100 m 2 (Cerqueira et al. 1990 ), could result in increased evolutionary independence among populations over time, and thus the pattern of nongeographic concordance observed, especially if coupled with short dispersal distances. However, A. montensis has a similar body size and reproductive potential, and there is no reason to believe its current population demography differs appreciably, if at all, from that of A. cursor. Thus, local demography by itself does not seem to offer an explanation of the differences observed between these 2 species. A 2nd explanation might simply be different rates of molecular divergence in the 2 lineages. However, this is unlikely because of their similar body size and life history and because the 2 species exhibit the same degree of molecular diversity, as measured by mean pair-wise haplotype difference (12.27 Ϯ 5.75 SD for A. cursor versus 15.86 Ϯ 7.50 for A. montensis) or nucleotide diversity (0.0201 Ϯ 0.0105 versus 0.0259 Ϯ 0.0137, respectively). Rather, different patterns of geographic structure exhibited by the 2 species might reflect the degree to which each species has reached a geographic equilibrium, with isolation by distance reflecting the balance between dispersal and drift in local populations.
Although mean pair-wise differences between all haplotypes of each species do not differ, patterns of those differences (the mismatch distributions -Rogers 1995; Rogers and Harpending 1992) do. Specifically, the distribution of pair-wise differences for A. cursor (Fig. 6A ) is unimodal and matches reasonably well the Poisson distribution expected for these data if this species has been undergoing an expansion since the last coalescence event (Harpending et al. 1993) . In contrast, the mismatch distribution for A. montensis (Fig. 6B) is both multimodal and more strongly skewed to the right and clearly does not mirror expectations of an expanding population. Rather, this is the type of distribution expected for an older population that has been stable through time (Harpending et al. 1993) . Equilibrium between gene flow and drift, the development of isolation by distance, and quasievolutionary independence of populations cannot FIG. 6 .-Empirical mismatch distributions for A) Akodon cursor and B) Akodon montensis (histograms) compared with the expected distribution under a model of uniform population expansion (solid circles). Note that the mean pairwise differences (arrows) differ little between the 2 species but the overall distribution pattern is unimodal and near the expected pattern for an expanding population for A. cursor, whereas the distribution pattern is multimodal and shifted substantially to the right in A. montensis.
happen under an expanding population model but will happen under a stable population model. Consequently, the contrast in mismatch distributions between these 2 species is consistent with their phylogeographic patterns and suggests that A. montensis spread to occupy its sampled range at an earlier time than A. cursor. Differences in pattern are slight but fully consistent with this historical scenario. 
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